This study investigated the effects of enzymatic deglycosylation following ultrasound pretreatment on structure and immunoreactivity of soybean 7S globulin. Soybean 7S globulin was pretreated by ultrasound (40 kHz, 300 W) and enzymatically deglycosylated by peptide-N-glycosidase F (PNGase F). Changes in structure of processed soybean 7S globulin were characterized by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, reversedphase high-performance liquid chromatography, ultraviolet absorption spectrum, circular dichroism spectrum, and surface hydrophobicity analysis. Enzyme-linked immunoabsorbent assay was used to evaluate IgE-binding ability. The results showed that the glycan moieties of soybean 7S globulin were effectively removed by PNGase F, which significantly modified protein structures including the secondary and tertiary structures of 7S globulin. Individual enzymatic deglycosylation could reduce IgE-binding capacity of 7S globulin, whereas enzymatic deglycosylation following ultrasound pretreatment enhanced its IgE-binding capacity. In conclusion, soybean 7S globulin treated by single enzymatic deglycosylation can reduce potential allergenicity and may be employed in hypoallergenic food preparation.
Introduction
Soybean is widely used in the food industry for its nutritional value and desirable functional properties. [1] However, soybean is among the so-called "big 8", which together account for over 90% of all documented food allergies in the United States. [2] Based on sedimentation property assessment of soybean proteins, they are classified into four groups, namely, 2S (9.4%), 7S (43%), 11S (43.6%), and 15S (4.6%) proteins. [3, 4] Soybean 7S globulin is not only a glycoprotein but also one of the most important allergens. β-conglycinin (140-170 kDa) is major component of 7S globulin, which consists of three subunits, namely, α (~67 kDa), α′ (~71 kDa), and β (~50 kDa) subunits. α subunit is also defined as Gly m Bd 60K. [5] Moreover, β-conglycinin is a glycoprotein containing 4-5% of carbohydrate moieties, which are N-linked to polypeptide chains. [6] Gly m Bd 30K (34 kDa), which consists of 258 amino acid residues, is another glycoprotein contained in disulphide linkages of 7S globulin. [7] A study reported that Gly m Bd 28K (26 kDa) is a glycoprotein-bearing xylosyl residue and can bind with IgE from soybeansensitive patients. [8] Currently, 38 kinds of soybean allergens are known, and three of them, including Gly m Bd 60K, Gly m Bd 30K, and Gly m Bd 28K exist in 7S globulin; these three molecules are major allergens found in soybeans. [9] CONTACT Anshu Yang yanganshu@ncu.edu.cn 235, Nanjing East Road, State Key Laboratory of Food Science and Technology, Nanchang University, Nanchang 330047, Jiangxi Province, China Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ljfp.
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Several approaches are used to reduce or eliminate allergenicity of food proteins, and examples of these approaches include heat treatment, enzymatic hydrolysis, deglycosylation, and fermentation. [10] Among these processing methods, deglycosylation is novel processing method for glycoprotein allergen. In reported food allergies, especially for plant proteins, specific antibodies to carbohydrate determinants were frequently found. [11] Several N-linked glycan moieties were previously described as partial epitopes of glycoprotein allergens. [12] IgE-binding epitopes are distributed not only in polypeptide fractions but also in N-glycan portion of glycoproteins. Garrido-Arandia et al. [13] stated that N-glycan-and protein fractions in main kiwi allergen, namely, Act d 2, are recognized by specific IgE of kiwi-allergic patients. Benedé [14] demonstrated that deglycosylated ovomucoid with lower IgE-binding forms in 80% of studied patients causes slight reduction in percentage of activated basophils. Zhang and Mine [15] postulated that carbohydrate moieties of ovomucoid inhibit IgG-and IgE-binding properties. For soybean allergen, 7S globulin possesses high-mannose type structures. β(1,2)-Xylose residues remain in soybean storage glycoproteins, which are one cause of allergenic epitopes. [8] Allergenicity of Gly m Bd 28K diminishes after deglycosylation. [16] Nevertheless, the systematic studies have not been previously reported regarding to the structural changes of soybean 7S globulin during enzymatic deglycosylation, and the role of their glycan moieties on their allergenicity is practically unknown.
High-intensity ultrasound (20-100 kHz) is also frequently used in food processing to alter food structure and physicochemical properties via cavitation, heating, dynamic agitation, shear stresses, and turbulence. [17] Arzeni [18] demonstrated that sulfhydryl content was unchanged, whereas surface hydrophobicity increased significantly after ultrasound treatment of whey, soybean, and egg proteins. Ultrasonication of soybean trypsin inhibitor significantly decreased both β-turn and random coil contents and increased β-sheet structure. [19] Ultrasound can induce conformational changes in food proteins and thereby influence their allergic reactivity. Li [20] examined that the allergic potency of shrimp proteins were reduced under conditions of 30 kHz and 800 W for 1.5 h at 50°C. However, although increasing scientific researches focus on the changes in structure and properties of food proteins during ultrasonic treatment, there are few reports about the effect of ultrasound on soybean proteins in terms of allergenicity.
Therefore, the present paper aimed to explore feasibility of enzymatic deglycosylation coupled with ultrasound. Ultrasonic frequency of 40 kHz and power output of 300 W were selected based on our own laboratory data. [21] We evaluated the effects of deglycosylation following ultrasound on the structure and potential allergenicity of soybean 7S globulin to formulate an effective method for removing glycan moieties and reducing potential allergenicity of soybean 7S globulin.
Materials and methods

Materials
Soybean cultivar 'Dong nong 42' was kindly provided by Key Laboratory of Soybean Biology, Northeast Agricultural Univ., China. Peptide-N-glycosidase F (PNGase F) was purchased from New England Biolabs. Schiff reagent was supplied by Beijing Leagene Biotechnology Co., Ltd. Bovine serum albumin (BSA), 8-Anilino-1-naphthalenesulfonic acid (ANS), trifluoroacetic acid (TFA), o-phenylenediamine dihydrochloride (OPD), biotin-labelled goat anti-human IgE and streptavidin-conjugated horseradish peroxidase were from Sigma-Aldrich (St. Louis, MO., USA). All chemicals used in this research were of analytical grade. Sera from seven soybean-allergic patients were collected from the First Affiliated Hospital of Guangxi Medical University (Nanning, China), and the ethical requirements were fulfilled.
Extraction of 7S globulin
Soybean 7S globulin was isolated according to the method of Nagano. [22] Proteins were dialyzed and stored in −20°C. Protein determination was performed by Bio-Rad Protein Assay [23] using BSA as standard.
Enzymatic deglycosylation of soybean 7S globulin after ultrasound pretreatment
Two milligrams per millilitre of soybean 7S globulin in 50 mM Tris-HCl buffer (pH 8.0) was ultrasonicated with ultrasound processor (NingBo Scientz Biotechnology Co. Ltd., NingBo, China) (40 kHz, 300 W) for 0, 80, and 100 min, successively. Typical reaction conditions of deglycosylation were established per the manufacturer's procedure. A 10 µL total reaction volume was prepared by mixing 20 µg glycoprotein, 1 µL 10× glycoprotein denaturing buffer, and distilled H 2 O (when necessary). Glycoproteins were denatured via preheating at 100°C for 10 min. A total reaction volume of 20 µL was concocted by adding 2 μL 10× G7 Reaction Buffer, 2 µL 10% NP-40, 1-5 µL PNGase F and distilled H 2 O. Control group without PNGase F was also included in the study. Mixed system was incubated at 37°C for 4.5 h. After deglycosylation, PNGase F was inactivated by heating at 100°C for 8 min.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed according to Laemmli [24] with some modifications. Samples were resuspended in reducing sample buffer and heated for 5 min in boiling water bath. Aliquots of 15 μL prepared samples were loaded into gels and run with a minigel apparatus (Bio-Rad Laboratories, Hertfordshire, UK) with 12% separating gel and 4% stacking gel. The gels were stained with Coomassie Brilliant Blue R-250 and periodic acid Schiff (PAS) reagent, respectively. [25] Coomassie Brilliant Blue R-250 was used to stain polypeptide chains, whereas PAS reagent was involved in attaching carbohydrate moieties to 7S globulin.
Reversed-phase high-performance liquid chromatography (RP-HPLC)
Native and processed 7S samples were placed (80 μL, 0.5 mg/mL) onto LC-20AT HPLC column (Inertsil WP300 C 8 , 5 μm particle size, 250 × 4.6 mm, Shimadzu). Binary solvent system consisted of solvent A, which contained 0.1% (v/v) TFA in Milli-Q water (Milli-Q-Plus, Millipore), and solvent B, which contained 0.1% (v/v) TFA in acetonitrile at flow rate of 1.0 mL/min. Prior to sample injection, column was equilibrated with 20% acetonitrile for 20 min. For solvent B, multistep linear gradient elution was continuous from 20% at 0 min to 45% at 95 min, maintained at 45% for 110 min, and then returned to initial conditions for 0%. ultraviolet (UV) detection was performed at 210 nm.
Circular dichroism (CD)
CD studies of native and processed 7S globulins were performed on JASCO J810 spectropolarimeter (JASCO Corporation, Tokyo, Japan) using 0.1 cm path length quartz cell at 25°C. CD spectrum was collected at protein concentration of 0.2 mg/mL. Data points were recorded with scan range of 190-250 nm, scan speed of 50 nm/min, spectral bandwidth of 1.0 nm, sensitivity of 20 mdeg, and response time of 0.25 s. Results for each sample were averaged, and mean residue ellipticity (θ) was expressed as deg·cm 2 /dmol. Secondary structure contents were calculated using JASCO secondary structure software.
UV absorption spectrum
UV absorption spectrum was recorded using a UV-2450 spectrophotometer (Shimadzu Corporation, Japan) and scanned from 250 to 350 nm. Protein concentration was 0.1 mg/mL.
ANS fluorescence intensity
Surface hydrophobicities of native and processed 7S globulin were evaluated using ANS as fluorescence probes according to Kato et al. [26] An aliquot of 50 μL 8.0 mM ANS solution was added to 5.0 mL of each of protein sample solution (protein concentration was 0.2 mg/mL). Fluorescence intensity was measured with fluorescence spectrometer (F-4500, HITACHI, Japan) with 2.5 nm slit width and 1 cm path length. Excitation wavelength was 390 nm, and emission wavelength was 400-650 nm at scanning speed of 1200 nm/min.
Field emission scanning electron microscopy (FESEM)
FESEM (JSM-6701F, JEOL DATUM Ltd., Tokyo, Japan) was used for microstructure analysis of soybean 7S globulins. [27] Samples were diluted to 0.2 mg/mL. After dilution, 1 mL sample was dropped and coated uniformly on aluminium foil paper and dried overnight at 60°C. Samples were preserved in culture dish filled with desiccant silica gel. It needs to be sprayed before examination under FESEM.
IgE-binding evaluation
By competitive inhibition of enzyme-linked immunoabsorbent assay (ELISA), we evaluated IgEbinding of native and deglycosylated soybean 7S globulins. A 96-well ELISA microplate was coated with native 7S globulin (20 μg/mL) in coating buffer (pH 9.6, 0.015 M Na 2 CO 3 , 0.035 M NaHCO 3 ) and then incubated overnight at 4°C. Plates were washed with a phosphate-buffered saline solution containing 0.05% Tween-20 (PBST), and residual-free binding sites were blocked with 3% gelatin in PBS for 1 h at 37°C. A new microplate was also blocked with 3% gelatin in PBS for 1 h at 37°C. After washing thrice with PBST, 55 µL of serum pool of soybean-allergic patients (diluted 1:10) was incubated with 55 μL of native or processed sample for 1 h at 37°C. Then, 100 μL of mixture was removed from coated plate and incubated for 2 h at 37°C. Wells were washed again, and 100 µL of biotin-labelled goat anti-human IgE (diluted 1:5000) was also added, and mixture was incubated for 1 h at 37°C. After washing, 100 μL streptavidin-conjugated horseradish peroxidase was added before incubation for 1 h at 37°C. Reaction was initiated with 100 μL substrate solution of OPD for 15 min at 37°C, stopped by adding 50 µL 2 M H 2 SO 4 and OD at 490 nm was measured by ELISA reader (Bio-Rad Laboratories, Hercules, CA, USA). Percentage of inhibition was expressed as 100-100 (B 1 − B 0 )/(B 2 − B 0 ), where B 0 is average absorbance of blank control wells without primary antibodies; B 1 is average absorbance of wells with processed proteins; B 2 is average absorbance of positive control wells without competitive proteins (maximum absorbance). Supplementary table lists specific IgE levels of seven soybean patients' sera, and IgE levels were quantified by the CAPfluorescent enzyme immunoassay system (Phadia, Uppsala, Sweden). There were two patients had eczema, and four had urticaria.
Statistical analysis
All experiments were conducted in triplicate. Data were represented as mean and standard deviation, which were analysed with statistical significance using ANOVA (SPSS for Windows, version 13.0, Chicago, IL, USA) and Fisher's least significant difference (p < 0.05) test. Figure 1 presents typical SDS-PAGE profile for soybean 7S globulin treated with ultrasound following enzymatic deglycosylation. Figure 1A , stained by Coomassie Brilliant blue, shows a diffuse group of 7S globulin protein bands with molecular weight ranging from 17 to 95 kDa and obviously indicates β-conglycinin and Gly m Bd 30K (P34) bands. Bands with similar molecular mass were exhibited, but slight reduction in molecular weight of polypeptide of β-conglycinin and higher electrophoretic mobility were observed in lane of 7S globulin treated with enzymatic deglycosylation compared with the native 7S globulin. It can be deduced that the oligosaccharides linked to polypeptide chains of 7S globulin was removed by PNGase F. Similar result was reported by Amigo-Benavent et al [28] , who observed slightly lower molecular weight and higher electrophoretic mobility of deglycosylated β-conglycinin. However, no significant changes in protein bands were observed compared with lanes 2-4 of 7S globulin treated with enzymatic deglycosylation following ultrasound pretreatment. Results suggested that ultrasound has no significant effect on primary structure of soybean 7S globulins.
Results and discussion
SDS-PAGE analysis
Schiff reagent combined with periodic acid is often used for glycoprotein detection in gel electrophoresis. Periodic acid is strong oxidizing agent and oxidizes 1,2-propylene glycol in sugars to form dialdehydes, which combine with Schiff reagent molecules to form insoluble magenta compound, resulting in clearly stained glycoprotein bands in electrophoresis lane. As shown in Figure 1B , protein bands were clearly visualized in lane of native soybean 7S globulin stained by Schiff reagent, whereas no bands were detected in lane of deglycosylated 7S fractions (lanes 2, 3, and 4). It further confirmed that the glycan moieties of soybean 7S globulin were effectively removed by PNGase F after enzymatic deglycosylation. Figure 2 presents RP-HPLC profiles of native and processed soybean 7S globulins. Compared with the native forms, the new peak of PNGase F at 87 min was observed in elution profiles of deglycosylated forms. The retention times of processed forms have been changed, which showed that enzymatic deglycosylation prolonged elution period of 7S globulin, whereas elution peaks of 7S globulin treated by enzymatic deglycosylation following ultrasound were similar to that of the single enzymatic glycosylation, implying that ultrasound pretreatment did not have a significant impact on 7S globulin primary structure. It is well known that the compounds were separated based on their hydrophobic characteristics in RP-HPLC. Results showed that hydrophobicity of soybean 7S globulin increased after enzymatic deglycosylation. Hydrophobic changes may be due to the variation in protein molecule and structure because of the removal of the carbohydrate moieties under the action of deglycosylation enzyme. Figure 3 shows the effects of enzymatic deglycosylation following ultrasound pretreatment on secondary structures of 7S globulins. As shown in Figure 3 (A), strong positive peak near 190 nm and negative peak at approximately 210 nm were observed in native soybean 7S globulins showing that β-sheet is probably the major secondary structure of native soybean 7S globulins. [29] As presented in Figure 3 (B), significant changes were observed in percentage of secondary structure of processed 7S proteins compared with native 7S globulin. As indicated in the same figure, α-helix content and random coils decreased, whereas β-sheet content and β-turn increased significantly after 7S globulin deglycosylation. However, no difference was observed in secondary structure of 7S globulins in other deglycosylated groups. Results revealed that secondary structures of 7S globulin were altered when carbohydrate chains were cleaved by PNGase F treatment, but ultrasonic pretreatment did not significantly affect secondary structure of deglycosylated 7S globulins. Our results were consistent with the changes reported by Shivanjali, who discovered that α-helix content of deglycosylated carboxypeptidase is lower than that of the native form. [30] Hwang [31] also noted that secondary structures of deglycosylated ovotransferrin were fairly different from native forms, showing that α-helix and random coil transformed into β-sheets, and this finding completely coincides with our results.
RP-HPLC analysis
Far-UV CD spectra
UV absorption spectrum and surface hydrophobicity analysis
As shown by UV absorption spectra, at approximately 280 nm, characteristic absorption peak appeared ( Figure 4A ), and this result can be attributed to UV absorption of tryptophan and tyrosine residues, also to some extent on phenylalanine, histidine, and cysteine. [32] The processed 7S globulins exhibited significant change in UV absorption compared with native forms. Enzymatic deglycosylation could decrease absorption intensity. UV absorption intensity of native 7S globulin was highest at 270 nm, followed by those of singly deglycosylated and enzymatically deglycosylated after ultrasound pretreatment 7S globulins. Difference in absorption intensity was associated with presence of chromophoric groups which indicates protein conformation change. Singly deglycosylated 7S globulin exhibited similar maximum absorption peak position with that of native form, but the UV absorption peak position in sample treated with ultrasound pretreatment followed by enzymatic deglycosylation was slightly changed, and the blue shift of 3 nm was observed. The phenomenon of spectral blue shift could be due to the unfolding of 7S globulin molecules during the ultrasound pretreatment. Data on CD spectrum clearly supported UV analysis results. ANS is widely used as fluorescent probe to measure surface hydrophobicity of proteins. Hydrophobic interactions play important roles in stabilizing tertiary protein structures. Figure 4B displays surface hydrophobicity of native and processed 7S globulins. Compared with native form, significant blue shift in fluorescence spectra and increase in fluorescence intensity were observed after deglycosylation of 7S globulin, implying increased surface hydrophobicity. [33] This result was consistent with analysis results of RP-HPLC. Our results agreed with those of Gopal [34] , who discovered higher excitation intensities of deglycosylated porcine pancreatic α-amylase (PPA) and its isoforms (PPA-I and PPA-II) than those of native proteins. However, slight red shift in emission spectra was observed, and this result indicated changes in tertiary structure of samples.
Protein microstructure analysis
The effect of enzymatic deglycosylation following ultrasound pretreatment on surface characteristics of soybean 7S globulin was shown in Figure 5 (20,000×). Disordered structures with irregular fragments were manifested on surface morphology of native 7S globulin, whereas numerous small particles, namely, oligosaccharides attached to glycoproteins, were observed on glycoprotein surface after enzymatic deglycosylation (upper right corner of small images in Figure 5B ). Through comparison of Figure 5B , 5C, and 5D, significant difference in effect of deglycosylation on soybean 7S globulin was observed. For 7S protein of deglycosylation following ultrasound 80, 100 min, there is lower deglycosylation. The phenomenon may be explained that ultrasonic can destroy the dimensional structure of protein, which may influence the sites of soybean 7S globulin during deglycosylation.
IgE-binding analysis
The potential allergenicity of food proteins has been reduced by food processing technologies to modify allergens from food products. Soybean 7S globulin is a glycoprotein. Therefore, enzymatic deglycosylation should be a method to modify IgE reactivity of the 7S globulin. Results of potential allergenicity of native or processed 7S globulins were estimated through competitive inhibition of ELISA and are shown in Figure 6 . It shows that singly deglycosylated 7S globulin exhibited a decrease in IgE-binding compared with the native form. Deglycosylation possibly caused disappearance of allergenic epitopes located in oligosaccharides. Previous research reported that constitute approximately 4-5% of soybean 7S globulins. [35] Given that oligosaccharide content of 7S globulin is relatively low, no significant reduction in IgE-binding was observed. Regarding to the potential allergenicity of soybean protein modified by ultrasonication. Yang [21] et al. in our early studies found that protein from soybean sprouts treated with ultrasonication at 300 W yielded the highest decrease in IgE-binding potency. Thus, the experiment that enzymatic deglycosylation following ultrasound pretreatment (300 W) was conducted in this study. However, it showed that deglycosylation following ultrasound pretreatment enhanced the IgE-binding of soybean 7S globulin, which was attributed to protein structural changes induced by extreme ultrasound. Single ultrasound treatment could damage disulphide bonds and cause loosening and unfolding of polypeptides chain in glycoproteins under certain conditions, which echoed the changes in UV absorption and surface hydrophobicity measurements. The loose soybean 7S globulins might expose some allergenic epitopes on surface of molecules even after enzymatic deglycosylation. Such difference could be explained by IgE-binding epitope characterization of soybean 7S globulin and its deglycosylated form in our future work. Moreover, further investigations, such as animal or clinical studies, are still required to confirm whether single deglycosylation-treated 7S globulins can significantly reduce allergic symptoms related to consumption of their regular counterparts.
Conclusion
In conclusion, this study provided important insights into relationship between protein structure and IgE-binding of deglycosylated soybean 7S globulins. Enzymatic deglycosylation significantly damaged structural integrity of proteins, including their secondary and tertiary structure, and deglycosylation following ultrasound treatment could destroy disulphide bonds and cause loosening and unfolding of polypeptides chain in 7S globulins. In vitro IgE-binding ability showed that single deglycosylation decreased IgE-binding of soybean 7S globulin, and deglycosylation following ultrasound treatment significantly increased IgE-binding of 7S globulins. Our results indicated that single deglycosylation can be considered as effective strategy for reducing potential allergenicity of soybean 7S globulins. Figure 6 . IgE-binding of soybean 7S globulin treated with ultrasound following the deglycosylation. Each data value is expressed as mean ± SD (n = 3). *p < 0.05, ***p < 0.001 indicates significant difference as compared to that of the control.
